Active secretion of organic anions in renal proximal tubules involves uptake of organic anions across the contraluminal (basolateral) membrane into the cell and exit into the tubule lumen via the luminal (brush border) membrane. Uptake across the contraluminal membrane and intracellular accumulation occur against the etectrochemical potential difference of the organic anions. This process requires energy, that is, ATP, which must be provided by the metabolism. However, ATP is not directly utilized by the transport systems responsible for organic anion uptake. ATP is rather used by the (Na+K)-ATPase, Ca-ATPase, and H-ATPase to create transmembrane cation gradients. In a second step, "uphill" organic anion uptake can be accomplished by coupling to "downhill" cation influx, such as by sodium ion/anion cotransport. In a third step, an organic anion accumulated within the cell by a sodiumcoupled transport process may exchange with another anion resulting in "uphill" uptake of the latter. In this contribution we summarize experimental evidence for the uptake of citric acid cycle intermediates by cotransport with sodium ions and the uptake of p-aminohippurate and oxalate by anion exchange mechanisms.
Active secretion of organic anions in renal proximal tubules involves uptake of organic anions across the contraluminal (basolateral) membrane into the cell and exit into the tubule lumen via the luminal (brush border) membrane. Uptake across the contraluminal membrane and intracellular accumulation occur against the etectrochemical potential difference of the organic anions. This process requires energy, that is, ATP, which must be provided by the metabolism. However, ATP is not directly utilized by the transport systems responsible for organic anion uptake. ATP is rather used by the (Na+K)-ATPase, Ca-ATPase, and H-ATPase to create transmembrane cation gradients. In a second step, "uphill" organic anion uptake can be accomplished by coupling to "downhill" cation influx, such as by sodium ion/anion cotransport. In a third step, an organic anion accumulated within the cell by a sodiumcoupled transport process may exchange with another anion resulting in "uphill" uptake of the latter. In this contribution we summarize experimental evidence for the uptake of citric acid cycle intermediates by cotransport with sodium ions and the uptake of p-aminohippurate and oxalate by anion exchange mechanisms.
Possible cellular arrangements of (Na + K)-ATPase, sodium ion/organic anion cotransporters and anion exchangers which can account for "uphill" organic anion uptake across the contraluminal membrane, are diagrammed in Figure 1 . The (Na+K)-ATPase is located in the contraluminal membrane of proximal tubule cells [1] . A sodium ion/organic anion cotransporter in the same membrane then allows for the intracellular accumulation of a mono-or divalent organic anion, a (Fig. 1A) . The maximally achievable ratio of intra-over extracellular organic anion concentration depends on the stoichiometry between sodium ions and cotransported anion. High ratios are obtained by cotransport of two or more sodium ions with one anion. In the model shown in Figure 1A , extrusion of sodium ions is the primary active process. Intracellular accumulation of a by cotransport with sodium ions is secondary active.
The uptake of another organic anion, b , by exchange with anion a is shown in Figure lB . As in the previous example, the (Nat +K)-ATPase creates an electrochemical potential difference for sodium ions across the contraluminal membrane which is utilized for intracellular accumulation of anion a.
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The downhill efflux of a through a third system in the contraluminal membrane, an anion exchanger, accounts for the "tertiary active" influx and intracellular accumulation of b.
Tertiary active uptake of organic anions into the cell will also be observed when the sodium ion/organic anion cotransport system and the anion exchanger are located in different membranes, as demonstrated in Figure 3C . In this case, a is absorbed together with sodium ions from the tubule lumen and accumulated within the cell. Subsequently, a can leave the cell through the contraluminal membrane in exchange for b. Finally, Figure ID indicates that an anion may be taken up together with sodium ions across the luminal and/or the contraluminal membrane. Rather than interacting with another transport system, a is metabolized within the cell to yield another anion, a*. In this form it is accepted by an anion exchanger where it serves as a countertransportee for b.
An efficient cooperation of a cotransporter and an anion exchanger, which is necessary for tertiary active transport, requires several prerequisits to be fulfilled. Firstly and most evidently, cotransporter and anion exchanger must share a common substrate (a in Fig. lB and C) . Secondly, the anion exchanger must have a sufficient affinity for the common substrate. If the affinity is low compared to the intracellular concentration of a, only a small fraction of all present anion exchangers bind intracellular a and exchange it with extracellular b. Thirdly, the anion exchanger must translocate a and b at sufficient rates. If, for example, a binds with high affinity but can be translocated only very slowly, a trans-inhibition of the uptake of b occurs rather than the required trans-stimulation. Forthly, exchange of intracellular a for extracellular b must be fast compared to other processes using up intracellular a, such as, degradation by cellular metabolism.
The above considerations show that organic anion transport through the contraluminal cell membrane and its dependence on sodium can only be fully understood when all involved anion transport systems are known, as well as their detailed substrate specificities and the influence of cellular metabolism. Rather detailed investigations with respect to substrate specificity have only been performed on the contraluminal transport systems for dicarboxylates, p-aminohippurate (PAH), and sulfate. Here, we summarize briefly these results with special emphasis on substrates common to two or to all three of these systems. The sodium-dependent transport systems for two other groups of organic anions, acidic amino acids [2, 3] , and glutathione and determinations (adopted from [8] related peptides [4, 5] , have not yet been tested in detail under similar conditions. Therefore, these two systems will not be considered further in this review.
Secondary active organic anion transport Sodium/dicarboxylate cotransport Sodium-dependence. The renal extraction of di-and tricarboxylates from the blood exceeds the filtered load, indicating that tubule cells take up these anions from the blood through their contraluminal membrane [6] . Ample evidence for the presence in the contraluminal membrane of a Na-dependent transport system for di-and tricarboxylates was gained from microperfusion studies in vivo and experiments with isolated membrane vesicles. Figure 2 shows the key experiments to demonstrate the effects of sodium on the transport of a nonmetabolizable dicarboxylate, methylsuccinate. For the experiment shown in Figure 2A , (left two bars) a solution containing radiolabeled methylsuccinate was injected into a blood capillary of the rat kidney in situ. Two seconds later the solution was reaspirated and the amount of methylsuccinate remaining was determined. The decrease of methylsuccinate concentration, ccjos-ccJ2s, is an indication for the uptake of this substrate into cortical tubule cells (details of the method in [7] ). It is evident from Figure 2A that tubule cells take up much less methylsuccinate in the absence of sodium in the capillaries than in the presence of sodium (compare first and second bar). The third bar in Figure 2A indicates that methylsuccinate is actively secreted into the tubule lumen. Active secretion is indicated by the positive methylsuccinate concentration difference between tubular lumen and the capillary perfusate, c1-c1, measured after 45 seconds of incubation time under zero net flux conditions [81.
Active secretion was blunted in the absence of sodium, demonstrating clearly that methylsuccinate uptake across the basolateral membrane and transepithelial active secretion are Natdependent processes. This finding is supported by the experiment with isolated basolateral membrane vesicles shown in Figure 2B . Methylsuccinate uptake into the vesicles was highly stimulated by the presence of Na in the incubation medium (compare +Na,•, with -Nat, 0). In addition, intravesicular methylsuccinate concentration at short incubation times exceeded by far the equilibrium distribution measured at 60 minutes of incubation time. This "over-shoot" which occurred only in the presence of an out-to-in Na gradient, is indicative of a Na-methylsuccinate cotransport [9] . This study confirmed earlier results showing Nat-dependent L-malate and citrate transport in rabbit renal basolateral membrane vesicles [10, 11] . Thus, microperfusion and vesicle data collectively provide evidence for a sodium ion/dicarboxylate cotransport system and, thus, for secondary active uptake of dicarboxylates across the contraluminal membrane.
The cotransport of sodium ions with a dicarboxylate is electrogenic [9, 101, suggesting that three sodium ions are translocated together with one dicarboxylate carrying two negative charges. A similar stoichiometry has been found for the Na-dicarboxy1ate cotransport system in the luminal membrane [12] . Both transport systems also share a high sensitivity to Li [8, 9, 13, 14] . Li binds with high affinity to the Na sites of the transporter and inhibits thereby the translocation of diand tricarboxylates. Besides Nat-and Li-dependence. the substrate specificities of the dicarboxylate transport systems in the luminal and contraluminal membrane also show great similarities [8, 15] . The two systems differ, however, with respect to their pH dependence [9, 16] and their inducibility by starvation [8] . A decrease in ambient pH augments dicarboxylate uptake through the luminal membrane and reduces contraluminal uptake, resulting in an increased net absorption. Conversely, an alkalinization shifts net transport towards secretion, explaining enhanced excretion of 2-oxoglutarate and citrate during alkalosis [17] [18] [19] . In rats starved for three days luminal influx was augmented while contraluminal influx was unchanged. Furthermore, the effects of starvation and ambient pH were additive so that it was possible to reverse net secretion of methylsuccinate into net absorption [8] .
Substrate specificity. The contraluminal Na-dicarboxylate cotransporter accepts all citric acid cycle intermediates, that is, citrate, isocitrate, 2-oxoglutarate, succinate, fumarate, and oxaloacetate [8] . Tests with homologous series of aliphatic and aromatic dicarboxylates revealed the following requirements for an interaction with the Na-dicarboxylate cotransporter. Aliphatic substrates must carry two or three negative ionic charges at a distance of two (succinate) to five carbons (pimelate) [8, 201 . Shorter (oxalate, malonate) and longer dicarboxylates are not accepted. Of similar critical importance is the distance between two carboxyl-or sulfo-groups in aromatic compounds: benzene-1 ,4-dicarboxylate and -disulfonate are preferred over the 1,3-and I ,2-disubstituted benzenes (Fig. 3 ) [8, 21] . The Na-dicarboxylate cotransporter may also accept aromatic compounds carrying three ionic charges, such as, benzene-1,3 ,4-tricarboxylate, or one ionic charge plus several partial negative charges, for example, 3,5-dichloro-salicylate and polybrominated dyes (Table 1 ) [8, 21] . Not accepted are aliphatic and aromatic compounds carrying a single negative charge as, for example, fatty acids and benzoate [22] .
Of great importance is the overlapping specificity of the coocoo-coocoocoo - contraluminal dicarboxylate transport system with the other transport systems for organic anions present in the same membrane. Virtually all substrates of the dicarboxylate transporter are also accepted by the PAH-transport system (Table  1 ). In addition, the PAH transporter handles a great number of organic anions which are not accepted by the Na-dicarboxylate cotransporter, indicating that the PAH transporter has a wider specificity than the Na-dicarboxylate transport system.
As a general rule, the dicarboxylate transporter exhibits a smaller affinity than the PAH-transport system for the same substrate. Exceptions are succinate and citrate which are handled by the dicarboxylate transport system with greater affinity. A similar preference of the dicarboxylate transport system was observed for tetrafluorosuccinate, a substance suitable for fluor-NMR studies (apparent K, against succinate transport, 0.05 mM; apparent K. against PAH transport, 1.4
mM; Rumrich and Ullrich, unpublished observations). Little overlapping exists between the sodium-dicarboxylate cotransporter and the contraluminal sulfate transport system.
Substrates which interact with both systems are benzene-1 ,3-dicarboxylate and -disulfonate (Fig. 3) , polyhalogenated salicylates, phenolsulfonphthaleins and fluoresceins as well as 8-anilinonaphthalene-sulfonate (8-ANS) and 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS; Table 1 ). Some substrates common to the Natdicarboxylate cotransporter and the PAH and sulfate transport systems allow for tertiary active organic anion uptake. As will be discussed below in detail, it is likely that 2-oxoglutarate is accumulated in the cell by the Na-dicarboxylate cotransporters in the luminal and contraluminal membrane.
Tertiary active transport of organic anions
Transport of PAH Absence of Na-PAH cotransport. Para-aminohippurate (PAH) is the best studied substrate for a transport system in the proximal tubule that is responsible for the secretion of a great variety of organic anions including xenobiotics [23, 24] . Secretion is active, that is, the intratubular PAH concentration, is severalfold higher than in the blood even in the absence of external driving forces such as transepithelial differences in ion concentrations, hydrostatic and osmotic pressure, and electrical potential. The critical step for active secretion is the uptake of PAH (and related organic anions) from the blood across the contraluminal membrane into the tubule cell. A number of studies on kidney cortex slices and isolated proximal tubules have documented that sodium is necessary for the accumulation of PAH within the tissue [25-291. Likewise, experiments with isolated basolateral membrane vesicles from rabbit and rat kidney cortex demonstrated a stimulation of PAH uptake by an out-to-in sodium gradient [30] [31] [32] [33] [34] [35] [36] . These studies all suggested the presence of a Na-PAFI cotransport system for PAH, and, hence, a secondary active uptake of PAH.
The concept of a Na-PAH cotransport system, however, was challenged by recent microperfusion experiments on the intact rat kidney [37] [38] [39] . In these studies application of ouabain and short term removal of sodium from the luminal and capillary perfusates did not impair PAH uptake into cortical tubule cells and active PAH secretion. The most likely explanation for these findings was that sodium ions are required for the uptake of an anion which subsequently exchanges with PAH (Model B, Fig. 1 ). In this case, PAH uptake would be a tertiary active process. To verify this prediction, depletion and repletion of the tubular cells by capillary preperfusion with different solutions was tried. Unfortunately, the anion required for the postulated exchange with PAH could not be identified in these studies probably because metabolism provided enough substrates to drive PAH/substrate exchange [39] . Therefore, we reevaluated the Nat-dependence of PAH transport with basolateral membrane vesicles isolated from rat kidney cortex.
PAH uptake into rat renal basolateral membrane vesicles was stimulated by an out-to-in Na gradient as compared to uptake in the presence of tetramethylammonium, choline, or mannitol. However, out-to-in gradients of lithium, potassium and rubidium ions were similarly effective in stimulation of PAH uptake as was a sodium gradient [40] . This finding is unexpected for a Na-PAH cotransport system. Moreover, an out-to-in Na gradient does not provide the driving force for concentrative PAH uptake into basolateral membrane vesicles (Fig. 4, right panel, Na no glutarate, •). The absence of an overshooting PAH uptake in the presence of a Na gradient argues against the presence of a Na-PAH cotransporter. In contrast, transient accumulation of PAH in the vesicles is observed when as little as 10 M of a dicarboxylate, glutarate, is added to the incubation medium (Fig. 4 , Na with glutarate, 0). The most likely explanation of this behavior is indicated by the scheme in Figure 4 , left. Glutarate is taken up into the vesicles via the directly Na-coupled dicarboxylate transport system. Subsequently, intravesicular glutarate exchanges for extravesicular labeled PAH leading to an accumulation of PAH in the vesicles (Note added in proof).
The postulated tight and efficient cooperation of two distinct systems, the Nat-dependent dicarboxylate carrier and the Na-independent PAH transporter, was supported by a number of control experiments [40] . First, PAH uptake into vesicles preloaded with glutarate was accelerated as compared to glutarate-free vesicles, proving that PAH and glutarate utilize the same transport system. Second, at higher concentrations, cxtravesicular glutarate inhibited the uptake of labeled PAH, suggesting competition for the same transport system. Third, lithium ions did not alter PAH uptake into glutarate-preloaded vesicles, indicating that the PAH system itself is not lithiumsensitive. Lithium ions, however, inhibited the stimulation of PAH uptake by extravesicular Na and glutarate, that is, in an experiment designed as shown in Figure 4 , left. This finding can only be explained by a direct inhibitory effect of lithium ions on the Na-dicarboxylate cotransport system [8, 9] which impairs intravesicular glutarate accumulation and subsequent glutarate/ PAH exchange. At a first glance, it does not seem easy to reconcile our data with recent vesicle studies which all suggest the presence of a sodium ion/PAH cotransporter. However, except for one study on rabbit renal basolateral membrane vesicles [36] , an overshooting uptake of PAH in the sole presence of a Na gradient was not demonstrated. Overshoots were only observed when in addition to a Na gradient an in-to-out gradient of either PAH [33, 35] or hydroxyl ions [31] was applied. Rather than the Na gradient, these in-to-out anion gradients were most likely driving uphill PAH uptake. Interestingly, we found that solutes used in some of the previous studies (mannitol for preloading [36] ; gluconate salts in the incubation medium; such as [31] ) contain traces of 2-oxoglutarate which are as effective as glutarate in stimulating PAH uptake (Moewes and Burckhardt, unpublished observations). Thus, the previously observed Na effects on PAH uptake in vesicle studies may well have been indirect through the coupling of PAH uptake to Na-2-oxog1u-tarate cotransport.
Substrate specificity. The PAH transport system in the contraluminal membrane of rat kidney proximal tubules accepts a wide variety of organic compounds. Common to all substrates is a hydrophobic moiety, such as a methylene chain or a benzene ring. On the basis of their charges, two categories of substrates for the PAH transport system can be distinguished : i) compounds with at least one negatively-charged ionic group (-COO, -SOy, -O); ii) compounds with two, partially negative charges (-OH < -NO2 < -CHO). If the hydrophobic moiety is large, a single CHO-group is satisfactory. Hydrophobicity and ionic charges act concertedly [21] : At a given hydrophobicity, affinity rises with decreasing PKa values, as seen with substituted phenolates. On the other hand, at a given PKa value, affinity rises with increasing hydrophobicity, as seen with N-substituted amino acids and dipeptides. Based on these findings, the PAH transport system handles fatty acids, steroid hormones, small peptides, and anionic xenobiotics, such as the diuretic furosemide (Table 1) .
For tertiary active PAH uptake into the cell it is important that the Na-dicarboxylate cotransporter and the PAH transport system accept common substrates with comparable affinities. We have already alluded to the fact that all tested substrates for the Na-dicarboxylate cotransporter are also accepted by the PAH transport system (Fig. 3, Table 1 ). Of the naturally occurring substrates shared by both systems most likely 2-oxoglutarate is involved in tertiary active uptake of PAH and related organic anions. This conclusion is based on the fact that both, Na-dicarboxylate cotransporter and PAH transporter, have a high affinity for the compound. Succinate seems less suited, since the PAH transporter has a relatively low affinity for succinate. Indeed, vesicle studies have shown that 2-oxoglutarate, but not succinate, stimulates PAH uptake in the presence of an out-to-in sodium gradient (Note added in proof).
Taken together we postulate that 2-oxoglutarate is taken up into the cell by the Nat-dependent dicarboxylate cotransporters in the luminal and contraluminal membrane. Since three sodium ions are cotransported with each dicarboxylate, high intracellular accumulations of 2-oxoglutarate can be achieved. The in-to-out gradient of 2-oxoglutarate is utilized to drive PAH and related hydrophobic organic anions into the cell via an anion exchanger. PAH uptake is, therefore, tertiary active (c.f. Fig. 1, model B) . In excellent agreement with our model are earlier studies [41, 42] which demonstrated a stimulation of PAH uptake into cortical cells by small concentrations of dicarboxylates and an inhibition by high concentrations. Stimulation of PAH accumulation at small dicarboxylate concentrations was most probably due to the exchange of intracellularly accumulated dicarboxylate with PAH. The inhibition at higher concentrations reflected a competition of extracellular dicarboxylates with PAH for the anion exchanger.
Sulfate and oxalare transport Absence of Na k-sulfate cotransport. Sulfate is actively reabsorbed in the proximal tubule by a transport system in the luminal membrane which translocates two sodium ions with one sulfate ion [43] [44] [45] [46] . For the exit from the cell, sulfate interacts [48] [49] [50] .Our data [49] showed a stimulation of sulfate/anion exchange by an out-to-in Na gradient and suggested the presence of a Nacoupled sulfate transporter in the basolaterat membrane. As opposed, others could not find a sodium effect on sulfate transport [48, 501. Since the stimulation by sodium in our previous studies could have arisen from a contamination of basolateral membranes with brush border membranes we have tested the sodium effect on sulfate uptake with various mixtures of both membranes. The extent of the (deliberate) contamination was assessed by the determination of marker enzymes. It became clear that the stimulation of sulfate uptake by sodium decreases with decreasing contamination by brush border membranes (Shimada and Burckhardt, unpublished observations). Thus, the sulfate transporter in the basolateral membrane is Nat-independent which is in agreement with recent studies in the intact kidney [51] .
Sulfate transport across the contraluminal membrane can nevertheless be influenced by sodium. The sodium-coupled sulfate transporter system in the luminal membrane accumu• lates sulfate within the cell and thereby provides the driving force for sulfate exit across the contraluminal membrane ( Fig.   1, model C) . This was clearly demonstrated by preloading proximal tubule cells with sulfate either by systemic sulfate application or by capillary perfusion of sulfate-containing buffers [51] . Preloading stimulated sulfate uptake across the contraluminal membrane. Downhill sulfate exit across the contraluminal membrane could then provide the driving force for the uptake of another anion that shares the same transport system. It is, therefore, worthwhile to consider briefly the specificity of the sulfate/anion exchanger with respect to organic anions.
Substrate specificity. The substrates accepted by the sulfate transporter can be classified by five categories [52] [53] [54] [55] Figure 3 shows that the sulfate transporter shares with the Na-dicarboxy1ate cotransporter the divalent anion isophthalate (benzene-1,3-dicarboxylate). Interestingly, phthalate (benzene-1 ,2-dicarboxylate) is accepted by the sulfate transporter, but not by the dicarboxylate transport system. Conversely, terephthalate (benzene-l,4-dicarboxylate) is accepted by the dicarboxylate transporter, but not by the sulfate transport system [21] revealing the critical importance of the distance between the two negative charges for the interaction with the sulfate and dicarboxylate transport systems. Both systems accept the polybrominated dyes as listed in Table 1 which are also shared with the PAH transporter.
On the basis of these findings we may postulate that the first step in secretion of oxalate and of some phenolsulfonphthalein dyes could be the exchange with sulfate at the contraluminal cell side. This exchange would be indirectly driven by Na via the Nat-sulfate cotransport system in the luminal membrane (Fig. 1C) . The phenolsulfonphthalein dyes are in addition substrates of the PAH transporter, where Na exerts its indirect effect through the Na-dicarboxylate cotransporters in the luminal and contraluminal membrane. boxylate. Thereby, di-and tricarboxylate uptake is a secondary active process. An intracellularly accumulated dicarboxylate, most likely 2-oxoglutarate, then exchanges with PAH and related hydrophobic anions (0A) using a distinct transport system, the PAH transporter. PAH uptake is, therefore, tertiary active. The previously assumed cotransport of sodium ions with PAH most probably does not exist because the PAH transporter does not interact with sodium ions. Nevertheless, PAH uptake is sodium-dependent, because the intracellular accumulation of 2-oxoglutarate requires sodium ions for cotransport. In addition 2-oxoglutarate may be provided by the metabolism. It is also feasible that substrates (such as, long chain monocarboxylates) for exchange with PAH at the contraluminal membrane are transported into the cell by the Nat-dependent monocarboxylate transport system in the luminal membrane [56] [57] [58] [59] . Short chain monocarboxylates handled by the same system may exchange with urate at the luminal membrane [60] , enter the metabolism, or leave the cell by a non-selective anion "channel" [61] . Urate may be taken up across the luminal membrane also in exchange for PAH [62, 63] .
Finally, oxalate uptake can occur by exchange with sulfate which has been accumulated within the cell by the Nat-sulfate cotransporter in the luminal membrane. Oxalate uptake is thus also tertiary active.
We should emphasize that the scheme shown in Figure 5 is still tentative. We know too little about the intracellular concentrations of all involved anions. The affinities of the anion transport systems for intracellular anions have not yet been determined. First experiments in this direction have indicated that the affinities of the sulfate transport system for its substrate differ by one order of magnitude on both sides of the membrane [64] . Also the rates by which anions are translocated by the individual transport systems are not known. Thus, a prediction about the efficiency of cooperation between the transport systems in the contraluminal membrane cannot be made with certainty. The situation is even more complicated by the interplay between transport systems located in the two opposing cell membranes. Further experimental emphasis would not only broaden our knowledge but also lead to understanding of how toxic xenobiotics are accumulated in the cell. Hopefully, it will then be possible to design drugs that are not accumulated to toxic levels. Another challenge is the molecular identification of the organic anion transport systems and the unravelling of their primary structure. In vivo microperfusion experiments have revealed a number of possible affinity labels for the identification of the involved transport systems [65] . Since quite a few details about their substrate specificity are known it may be possible to relate structure to function, that is, binding and translocation of organic anions and molecular coupling to sodium ions.
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